Background: Can1 is a yeast plasma membrane permease catalyzing specific uptake of arginine. Results: Two residues in the binding pocket of Can1 affect its selectivity. Conclusion: Subtle amino acid changes can convert Can1 to a lysine-specific permease. Significance: Understanding, at the molecular level, the translocation mechanism(s) of yeast amino acid transporters has bearings on our knowledge of other transporters featuring the same fold.
Transmembrane amino acid transporters are crucial to supplying amino acids to all cells. Most of these transporters belong to one of the largest families of secondary transporters, found in all living organisms, including mammals, plants, and prokaryotes: the amino acid-polyamine-organocation (APC) 7 superfamily (1, 2) .
In the yeast Saccharomyces cerevisiae, about 16 plasma membrane amino acid permeases (yAAPs) have been characterized, displaying various substrate specificity ranges and affinities. All but one of these proteins are highly similar in sequence and are members of the APC superfamily (3) (4) (5) . Many of them are regulated according to the content of the medium in amino acids and other nitrogenous compounds. The corresponding controls act at various levels: intracellular permease traffic, permease activity, and gene transcription (5, 6) . The wide variety of yAAPs and their differential control probably enable yeast to adapt its uptake of amino acids to very diverse environmental conditions.
Detailed structural information about yAAPs is still lacking. This precludes a detailed understanding of the molecular basis of their substrate specificity and transport mechanism(s). However, the atomic level structures of three bacterial proteins of the APC family have recently been resolved: those of the arginine/agmatine (AdiC) and glutamate/␥-aminobutyric acid (GadC) antiporters and of ApcT, a broad specificity proton/ amino acid symporter (7) (8) (9) (10) (11) . These structures provide the long awaited structural framework for deciphering structurefunction relationships in APC superfamily transporters. All three proteins adopt the so-called "5 ϩ 5" fold, consisting of a core of two inverted repeats of five ␣-helical transmembrane (TM) segments that shape the substrate binding site. This fold is shared by transporters of several different families (1) . Structural studies of different "5 ϩ 5" transporters, including the bacterial Na ϩ /amino acid symporter LeuT, have provided major insights into the successive conformations adopted by this category of transporters during substrate transport via an alternative access mechanism (1, 12, 13) .
The specific arginine (Can1) and lysine (Lyp1) permeases were the first two amino acid transporters to be characterized in yeast, by means of uptake assays combined with the isolation of mutants (14, 15) . Can1 transports arginine much more efficiently (K m ϳ10 M) than lysine (K m ϳ200 M), whereas Lyp1 mediates efficiently only lysine transport (K m ϳ25 M) (14, 15) . Cloning of the corresponding genes (16, 17) has revealed that they encode highly similar proteins made of 12 TM helices flanked by hydrophilic tails facing the cytosol, and later studies on yAAPs have shown that most of these proteins, including Can1 and Lyp1, are close homologs (3, 4) . Assays of Can1-mediated arginine uptake in reconstituted plasma membrane vesicles show a strict dependence on the proton-motive force (18) , suggesting that Can1 catalyzes H ϩ /arginine symport. Like other yAAPs, Can1 and Lyp1 provide convenient systems for exploring various facets of the function and regulation of plasma membrane proteins, including their lateral distribution in the membrane (19, 20) and their intracellular traffic (21, 22) .
In this study, we have combined molecular modeling and experimental approaches to investigate the determinants of specific recognition of arginine by Can1. We find that replacing only two residues, Ser-176 and Thr-456, in Can1 can switch the selectivity of this permease to that of Lyp1. (23) performed on the PDB sequences (24) identified three bacterial APC transporters similar to Can1. One is AdiC of Escherichia coli and Salmonella enterica whose structures were solved either in the outward facing (OF) open or occluded states, in the apo or holo forms (7) (8) (9) . The others are GadC of E. coli, available in the apo inward facing conformation (11) , and ApcT of Methanocaldococcus jannaschii, adopting a fully apo occluded state (10) . To build a three-dimensional structure of Can1 by comparative modeling, we chose AdiC as a template, rather than GadC or ApcT, because the structure of this transporter has been solved for the transporter bound to its arginine substrate, which is also the substrate of Can1. The AdiC structure employed was the conformation trapped in the OF occluded state, where the binding site is configured for a tight fit with the arginine substrate (PDB code 3L1L (8) ). The AdiC sequence can be accessed at the Universal Protein Resource (UniProt) (25) . An alignment of the AdiC and Can1 sequences was performed with PROMALS3D (26) , also using information from the OF occluded crystal structure of AdiC (8) . Sequence identity/similarity was calculated with the LALIGN program (27) using standard parameters. Transmembrane domain predictions were performed on the Can1 sequence with HMMTOP (28) and TMpred (29) .
EXPERIMENTAL PROCEDURES

Construction of Wild-type and Mutant Can1 Models in the Outward Facing Occluded State-A BLAST search
Five models describing Can1 in the arginine-bound OF occluded state were thus built with MODELLER 9v1 (30) on the basis of the PROMALS3D (26) alignment of Can1 with AdiC. They lack the N-and C-cytosolic tails that are not present in AdiC. The stereochemistry of the model was assessed with PROCHECK (31) .
Docking Calculations-Docking of arginine and lysine was performed with inclusion of protein flexibility (Induced Fit Protocol of Schrödinger, LLC (New York), Impact version 5.8) in the form of flexible residue side chains rather than with a rigid transporter. Ligand input files were prepared with the LigPrep module of Schrödinger (Schrödinger Suite 2012). Prior to docking, transporter preparation was carried out with Schrödinger's Protein Preparation Wizard protocol, whose included PROPKA module (32) was used to adjust the ionization state of all titratable residues in the protein. The Glide XP function was chosen to score the docking poses of the ligand (33) . The remaining parameters were set at their default values. Selected docked poses were also scored with the molecular mechanics/generalized Born surface area (MM-GBSA) module (34) . This method has indeed been shown to better predict the relative ranking of ligand binding affinities (34 -37) . However, it lacks the accuracy required to estimate absolute binding free energies (38, 39) and also has some weaknesses in estimating relative energies. For instance, the continuum electrostatics models used in this scoring method ignore the detailed molecular structure of the solvent, and neglect of the entropic contribution may be a source of errors, although the benefit of including this contribution has been disputed (40) .
The pH-dependent protonation probability of all titratable protein residues in selected protein-ligand complexes was calculated by a continuum electrostatics/Monte Carlo approach (41) (42) (43) .
Point mutations (S176N, T456S, and S176N/T456S) were introduced into the best scored OF occluded model of Can1 bound to either lysine or arginine using Maestro (Schrödinger Suite 2012). The mutated residue rotamers with the least steric hindrance were selected, and the complex was scored with the MM-GBSA module.
Sequence Analysis of Can1 Orthologs-Orthologs of Can1 were detected as described previously (44) by running BLAST against the translated coding regions of multiple genomes of the Saccharomycetes taxon. The bidirectional best hits were viewed as putative orthologs when the E-value was smaller than 10 Ϫ6 .
Strains and Growth Conditions-The S. cerevisiae strains used in this study (Table 1) derive from the ͚1278b wild type (45) . Cells were grown at 29°C in minimal buffered medium, pH 6.1 (46) . In all experiments, the main carbon source was glucose (3%). Nitrogen sources were ammonium (20 mM) or one of the following 16 amino acids (1 or 5 mM) usable as a sole nitrogen source by S. cerevisiae: arginine, aspartate, glutamate, alanine, leucine, isoleucine, methionine, phenylalanine, tryptophan, tyrosine, threonine, proline, valine, serine, citrulline, and 4-aminobutyrate. Lysine was not included in the growth test because it cannot be used as a nitrogen source (47) . Canavanine was added at a final concentration of 10 g/ml.
Construction of Plasmids-The plasmids used in this study are listed in Table 2 . All derive from the centromere-based pFL38 (48) vector carrying the URA3 gene. The native CAN1 allele was constructed by recombination in yeast between a CAN1 gene (amplified by PCR from ͚1278b strain DNA) and the BamHI-linearized and alkaline phosphatase-treated pFL38 plasmid. The five mutant CAN1 alleles were constructed by recombination in yeast between two partially overlapping PCR fragments corresponding to the 5Ј and 3Ј regions of the CAN1 coding region. The overlapping sequence was 40 bp long and contained the sequences needed to introduce the substitution. GFP-coupled alleles were also constructed by recombination between the PCR-amplified GFP fragment and each recipient CAN1 plasmid linearized with PstI and treated with alkaline phosphatase. Each plasmid construct was purified by cloning into E. coli and verified by sequencing. The sequences of the oligonucleotides used to construct the native and 10 mutant CAN1 plasmids are listed in Table 3 .
Permease Activity Assays-The apparent kinetic transport parameters were characterized by whole-cell uptake assays. Can1 transport activity was determined by measuring the initial uptake rate of 14 C-labeled arginine (specific activity, 274.3 mCi⅐mmol
Ϫ1
) or lysine (specific activity, 326 mCi⅐mmol Ϫ1 ) (purchased from PerkinElmer Life Sciences) provided at 10 M final concentration (14) . Accumulated counts were measured 30, 60, and 90 s after the addition of the radioactive substrate and corrected for protein concentration. The transport was expressed as nmol/mg of protein per unit of time and reported as the mean Ϯ S.D. (n ϭ 2-3). At least 10 substrate concentrations spread over a relevant range (0.5-160 M) were used to determine the apparent Michaelis constant (K m ) and maximal velocity (V max ) values for [ 14 C]arginine or [ 14 C]lysine for the fully and partially active mutants. The values were well fitted by a single-site Michaelis-Menten model. In contrast to the K m , which is an intrinsic characteristic of a transporter, the V max depends on the absolute quantity of transporter inserted into the membrane. Because this quantity depends on growth conditions and gene copy number, all uptake assays were carried out under the same, rigorously fixed conditions, so that the V max values could be compared with each other. Data were analyzed using GraphPad Prism version 5.0.
Fluorescence Microscopy-The steady-state subcellular location of Can1-GFP proteins was determined in cells growing exponentially in liquid glucose-ammonium medium. Cells were laid on a thin layer of 1% agarose and viewed at room temperature with a fluorescence microscope (Eclipse E600; Nikon) equipped with a ϫ100 differential interference contrast numerical aperture 1.40 Plan-Apochromat objective (Nikon) and appropriate fluorescence light filter sets. Images were captured with a digital camera (DXM1200, Nikon) and ACT-1 acquisition software (Nikon) and processed with Photoshop CS (Adobe Systems).
Protein Extracts and Western Blotting-Proteins were immunodetected in total protein extracts as described previously (49) . After transfer to a nitrocellulose membrane (Schleicher & Schuell, catalogue no. NBA085B), the proteins were probed with a monoclonal antibody raised against GFP (Roche Applied Science, catalogue no. 11 814 460 001) or Pma1 (50) . Both antibodies were used at 1:10,000 dilution. Primary antibodies were detected with horseradish peroxidase-conjugated anti-mouse or anti-rabbit IgG secondary antibodies (GE Healthcare, catalogue no. NA931V) followed by enhanced chemiluminescence (Roche Applied Science, catalogue no. 12 015 196 001).
RESULTS
Modeled Three-dimensional Structures of Can1-Atomic level structural data on the yeast Can1 permease would be most helpful in understanding the determinants of its substrate specificity and molecular transport mechanism. To make up for the absence of such experimental data, we modeled the three-dimensional structure of Can1, using the OF occluded AdiC crystal structure as template (see "Experimental Procedures"). The yeast Can1 sequence and the E. coli AdiC sequence were aligned, using the structural information for the OF occluded arginine-bound structure of AdiC (PDB code 3L1L) (8) (Fig. 1) . The sequence identity and similarity between AdiC and Can1 are 15 and 55%, respectively. The sequence identity value is below the 30% "twilight zone" for high accuracy template-based three-dimensional modeling. However, despite this relatively low level of sequence identity, accurate alignment can be obtained, because biological membranes provide a highly contrasted environment with a hydrophobic internal region and hydrophilic edges. This imposes, rather than strict conservation of residues, conservation of apolar and polar segments (51) , as reflected by the relatively high sequence similarity value. The positions of the 12 TM regions of Can1 predicted by HMMTOP (28) and TMPRED (29) showed good correspondence with the helical segments identified by PDBTM (52) in the AdiC struc- 
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-GFP This study ture ( Fig. 1) . This supports the assumption that AdiC is an appropriate template for modeling Can1. The long N-and C-terminal tails of Can1 were not modeled, because AdiC lacks these regions. Several three-dimensional models of the Can1 permease OF occluded state were constructed. They all feature 12 TM helical segments and superimpose well on the AdiC structure ( Fig. 2A) .
The most significant differences between the Can1 models and the AdiC structure are two extracellular loops, one between TM5 and TM6 and one between TM7 and TM8, which appear longer in Can1 than in AdiC and are thus poorly modeled. The Can1 three-dimensional models reveal a belt of hydrophobic residues corresponding to the transmembrane area (Fig. 2B) . The cytoplasmic surface is markedly positively charged, (8)) are shown as black lines above the AdiC sequence. The TM helices predicted on the Can1 sequence by either HMMTOP (black) (28) or TMPRED (gray) (29) are shown as solid lines below the Can1 sequence. Residue motifs (see "Results") are framed, and residues interacting with the substrate (see Table  4 ) are marked by an asterisk. Conserved residues in AdiC and Can1 are boxed in gray.
because arginine and lysine residues are clustered near the intracellular membrane-solvent interface. The extracellular surface is less positively charged, in line with the positive-inside rule of membrane proteins (53) . Most of the aromatic Trp and Tyr residues are located at the membrane interface, in keeping with previous observations on membrane protein structures (54) . The model featuring the best Modeler score ( Fig. 2A ) was analyzed further. The root mean square distance of its C␣ atoms calculated for the TMs, using AdiC structure as a reference, amounts to a small value of 0.35 Å. This model was also subjected to stereochemical analysis (31) . Ramachandran plots (data not shown) indicated that a high percentage (ϳ92%) of nonglycine and nonproline residues have their , torsional angles located in the most energetically favored regions. This supports the stereochemical quality of the model.
Arginine Binding to Can1-The arginine-containing pocket at the center of the Can1 structure is mainly shaped by residues of TM1, -3, -6, -8, and -10 ( Fig. 3A) , with TM1 and TM6 being unwound as observed in a majority of high resolution structures featuring a "5 ϩ 5" fold, including AdiC and LeuT (1). The GSG motif in TM1 of AdiC, located in the interrupted stretch of helical TM1 and involved in binding of the carboxyl group of arginine, corresponds to the GTG motif in Can1. The WSFIGVE motif of AdiC located in the unwound portion of TM6 participates in recognition of the amino group of the substrate and of the side chain of arginine and corresponds to FTFQGTE in Can1 (see Fig. 1 ).
To refine our insight into amino acid binding, we performed induced fit docking of arginine into the substrate-binding pocket of the best scored Can1 model. Docking was carried out with Glu-184, located in the binding pocket (Fig. 3) , in both the charged and protonated forms because pK a calculations suggested the possibility that Glu-184 might exist in either of these two protonation states. All docked poses show that the substrate backbone interactions are remarkably similar to those revealed by the arginine-bound AdiC crystal structure and not influenced by the protonation state of Glu-184 ( Fig. 3B and Table 4 ). The ␣-amino group of the arginine substrate donates up to three hydrogen bonds to the main chain carbonyl oxygen atoms of Thr-101 in TM1 and Phe-295 and Gln-298 in TM6 (Table 4 ). The carboxyl terminus of the substrate forms up to two hydrogen bonds with the backbone of Thr-104 and Gly-105 in TM1 and an additional hydrogen bond with the side chain of Thr-104.
The docking calculations show that the arginine side chain is influenced by the protonation state of Glu-184. With the unprotonated form of Glu-184, the poses roughly cluster into two equal groups, distinguished by the position and orientation of the guanidinium moiety (Fig. 3C) ; in one group, the arginine side chain forms a salt bridge to Glu-184 (TM3) (with a docking score ranging between Ϫ8.4 and Ϫ7.7 kcal/mol), and in the other, it points to Ser-176 (TM3), Thr-180 (TM3), Glu-301 (TM6), and Thr-456 (TM10) and forms hydrogen bonds with Ser-176, Thr-180, and Thr-456 (with a docking score ranging between Ϫ7.0 and Ϫ5.6 kcal/mol) ( Table 4 and Fig. 3B ). The second group additionally differs from the first by the arginine ligand sandwiched between Trp-177 (TM3) and Phe-295 (TM6) (Fig. 4A) , whereas in the first group, both aromatic side chains lie on the same side of the arginine side chain. The OF occluded crystal structure of AdiC (8) also features this aromatic sandwich configuration formed by Trp-202 and Trp-293 (Fig. 4B ). Although sequence alignment shows conservation of the aromatic residue Trp-202 (TM6) of AdiC (Phe-295 in Can1), only the three-dimensional modeled structure reveals the correspondence of Trp-293 (TM8) in AdiC with Trp-177 (TM3) in Can1, because the latter protrudes from a different TM. Interestingly, the aromatic sandwich configuration is also found in the binding site of the periplasmic lysine-, arginine-, and ornithine-binding protein (LAO) of S. typhimurium bound to arginine (PDB code 1LAF) (55) (Fig. 4C) .
The docking calculations performed with the protonated form of Glu-184 clearly favor one of the two relative orientations of the arginine side chain found in docking with charged Glu-184; in 24 of the 26 generated poses, it points to Ser-176, Thr-456, and Glu-301, forming a salt bridge to Glu-301 in some of these poses, and hydrogen-bonds with Ser-176 and/or Thr-456 in others. All 26 poses feature arginine in the aromatic sandwich configuration.
Arginine Versus Lysine Selectivity of Can1-Can1 is a highly specific arginine permease displaying a low half-saturation constant for arginine (K m ϳ10 M) and a much higher one for lysine (K m ϳ200 M) (14) . Lyp1 is a potent lysine permease (K m ϳ25 M) without any measurable arginine transport activity (15) . Alignment of the Can1 and Lyp1 sequences shows that they share 61% identity, and this value rises to 70% if the more divergent N-and C-terminal tails are not considered. We identified the residues lining the arginine binding pocket, using one representative pose among the arginine-docked poses featuring the aromatic sandwich configuration (Fig. 3B) . This binding   TM1   TM3   TM6   TM10   TM8   S176   T456  T180   E301   W177   T101   E184  F295   T104   G103   G105   S176   T456  T180   E301   W177   T101   F295   E184   T104 favored by Glu-184 protonation was chosen because the sandwich aromatic configuration is found in both AdiC and LAO (Fig. 4) . In this binding mode, in addition to the interactions promoted by the sandwich aromatic configuration (i.e. one cation-interaction with Trp-177 and hydrophobic interactions with Phe-295), the docked arginine side chain forms hydrogen bonds with Glu-301, Thr-180, Ser-176, and Thr-456 ( Fig. 3B and Table 4 ). Interestingly, almost all Can1 residues interacting with arginine are identical in Lyp1 (data not shown). Only two differences were identified: Ser-176 and Thr-456 in Can1 (Asn-198 and Ser-478 in Lyp1).
To further examine the molecular rules of Can1 selectivity, we performed docking calculations for lysine in the Can1 binding pocket, again with Glu-184 in either of the two protonation states. The 18 docked poses for lysine obtained with the charged form of Glu-184 cluster roughly into two groups, as for arginine (Fig. 3C) . In one group, including 17 poses with a docking energy binding score ranging from Ϫ7.9 to Ϫ6.1 kcal/mol, the lysine side chain points to Glu-184, with the Trp-177 and Phe-295 aromatic side chains lying on the same side of the ⑀-amino group. In the other group, containing only one pose, the lysine side chain is sandwiched between the two aromatic residues Trp-177 and Phe-295 and points to Ser-176 and Thr-456, with a docking energy binding score of Ϫ6.0 kcal/mol. In this orientation, lysine adopts a position with its ⑀-amino group coinciding with one of the two guanidinium -nitrogens of arginine (Fig. 3, B and D) . Lysine, which has a shorter side chain than arginine, does not form a cation-interaction with Trp-177, although its amino group is at a distance typical of this type of interaction, ranging roughly between 4 and 6 Å from the aromatic moiety of Trp-177. Moreover, the lysine side chain also deprives the protein-ligand complex of three of the five hydrogen bonds identified in the arginine-Can1 complex, notably the two with Ser-176, but it keeps the hydrogen bond with Thr-456. As in the case of arginine, use of the neutral form of Glu-184 in the docking calculations completely abolishes the orientation of the side chain toward Glu-184; all 26 poses have the side chain oriented toward Ser-176, Glu-301, and Thr-456 and sandwiched between Trp-177 and Phe-295.
The docking binding energy values for arginine and lysine differ little and can thus not provide an explanation for the markedly different arginine and lysine transport activities of Can1 (14) . It is well known, however, that it is difficult to accurately predict experimental binding affinities using the scoring functions developed for docking programs and, albeit less difficult, to correlate docking scores with experimental binding affinities (56) . A strategy for overcoming this limitation, which has been successfully applied to various targets (34 -37, 39) , is to rescore the poses using the MM-GBSA method to calculate binding free energies (34) . We thus used this function to score for arginine and lysine the representative poses in the aromatic sandwich configuration, with both the charged/unprotonated and the neutral/protonated form of Glu-184. On the basis of these scores, one could predict that arginine should bind Can1 with a much better affinity than lysine, whether Glu-184 is in its unprotonated form (⌬G ϭ Ϫ79.1 versus 45.7 kcal/mol) or its protonated form (⌬G ϭ Ϫ73.0 versus Ϫ45.1 kcal/mol). These data are in agreement with Can1 being a more potent arginine than lysine transporter. The difference between arginine and lysine arises from the hydrogen bond energy term and, more markedly, from the solvation term (Table 5) , which, in the MM-GBSA model used here, contains a polarization contribution that differs significantly between the arginine and lysine side chains (57) .
Mutational Analysis of the Substrate-binding Pocket of Can1-To learn about the molecular determinants of Can1 specificity, we designed residue substitutions in the substrate binding pocket and tested by experiments the influence of these changes on Can1 activity. We chose the residues to be replaced using the above described model of arginine recognition by Can1, with Lyp1 as a guideline, and tried to alter the specificity of Can1 so as to switch it to that of Lyp1. The mutagenized residues were Ser-176 of TM3 and Thr-456 of TM10 (i.e. those predicted to interact with the guanidinium group of arginine (Fig. 3B) and differing between Can1 and Lyp1). The residues were replaced with the corresponding residues of Lyp1, namely Asn and Ser at positions 176 and 456, respectively. They were also replaced with Ala, which features a small side chain that does not provide extreme electrostatic or steric effects. Thus, five mutant genes were isolated, encoding Can1 proteins with one of the following single or double substitutions: S176N, S176A, T456S, T456A, or S176N/T456S. An additional version of each gene, encoding Can1 fused at its extreme C terminus to GFP, was also constructed. The variant genes were expressed in yeast under the control of the natural CAN1 gene promoter (see "Experimental Procedures"). Fluorescence microscopy analysis showed that the native Can1 permease is present at the plasma membrane (Fig. 5A ), in keeping with previous observations (58) . A plasma membrane location was also observed for the five mutant Can1 proteins (Fig. 5A) . We next expressed the native and mutant Can1 proteins (not fused to GFP) in a yeast strain suitable for assessing their functionality by means of growth tests and transport assays. This strain, named 22⌬8AA, lacks eight yAAP genes, including CAN1, GAP1, LYP1, and ALP1, which code for the permeases shown to catalyze uptake of arginine and/or lysine (59). This strain is thus unable to grow on a minimal medium containing arginine as the sole nitrogen source. Its transformation with the plasmid expressing the native Can1 permease restored fast growth on this medium, similar to that of the corresponding wild-type strain (Fig. 5B) . The mutant strain grew normally on a medium containing ammonium as the sole nitrogen source, and this growth was unaltered by the further addition of canavanine, a toxic arginine analog. In contrast, both the wild-type strain and the 22⌬8AA strain expressing the native Can1 permease were intoxicated by canavanine, as expected (Fig. 5B) . The results of the growth test for the five Can1 mutants (Fig. 5B) show that three of these mutants, Can1(S176A), Can1(T456A), and Can1(T456S), behave like the native Can1 permease and can thus be considered at least partially functional, whereas the other two mutants, Can1(S176N) and Can1(S176N/T456S), completely fail to support growth on arginine and to confer sensitivity to canavanine, suggesting that they are non-functional.
The growth test results were confirmed by direct arginine transport assays. The initial rate of [ 14 C]arginine uptake was measured in cells of the 22⌬8AA strain growing on minimal glucose ammonium medium, conditions under which Can1 is present at the plasma membrane and active. The results presented in Table 6 show that the Can1(T456A) and Can1(T456S) transport arginine as efficiently as wild-type Can1 (Table 6 and Fig. 6 ). The Can1(S176A) mutant, however, shows an 85% loss of activity, arising mainly from a higher K m . The Can1(S176N) and Can1(S176N/T456S) mutants are totally inactive, in keeping with the growth test data. These results demonstrate the importance of Ser-176 of TM3 in arginine transport. In contrast, replacing Thr-456 in TM10 with a smaller residue, able or not to form a hydrogen bond, was found not to affect arginine transport.
Turning Can1 into a Lysine-specific Permease-Because in the Can1(S176N), Can1(T456S), and Can1(S176N/T456S) mutants, the residues Ser-176 and Thr-456 of the predicted substrate-binding pocket of Can1 have been replaced with the corresponding amino acid of the Lyp1 permease, we next tested whether these Can1 mutants might be able to transport lysine ( Table 6 ). As expected, the 22⌬8AA strain showed no lysine transport activity (data not shown), and its transformation with a low copy number plasmid containing the LYP1 gene restored high lysine uptake. In contrast, expression of the Can1 permease in the same strain conferred only weak lysine transport activity, as expected from the very high K m of Can1 for lysine. Remarkably, Can1(T456S) restored high lysine uptake activity, showing that this Can1 mutant catalyzes efficient uptake of both arginine and lysine. Its apparent K m of lysine transport (13 M) was shown to be close to that of Lyp1 (10 M) and much lower than that of Can1 (153 M). This mutant also features a higher V max value compared with wild-type Can1 for both arginine and lysine transport. This enhanced value is apparently not due to a higher level of protein expression as shown by immunodetection of the Can1 variants in total cell extracts (Fig.  5C ).
The Can1(S176N) mutant, devoid of arginine uptake activity, also failed to transport lysine, but the Can1(S176N/T456S) variant, equally unable to transport arginine, was found to confer to the 22⌬8AA strain high lysine uptake activity. Furthermore, this double variant displayed an apparent K m for lysine transport (13 M) close to that of Lyp1 (10 M), showing that Can1(S176N/T456S) has the properties of a high affinity specific lysine permease. That Can1(T456S) transports arginine and lysine indicates that adding the S176N substitution to the Can1(T456S) prevents arginine uptake without interfering with lysine uptake.
We wondered if Can1(T456S) and Can1(S176N/T456S) might have acquired the ability to catalyze uptake of other amino acids, in addition to arginine or lysine. To test this possibility, we first isolated a novel yeast mutant that fails to grow on 16 amino acids present in the medium as the sole nitrogen source because of their impaired uptake (data not shown). This mutant was isolated from strain 22⌬8AA by further deletion of the SSY1 gene, which encodes a permease-like sensor required for transcriptional induction of several yAAP genes (e.g. AGP1, GNP1, BAP2, and BAP3) (55) . The growth tests showed that the active Can1 mutants restore growth on arginine but not on 15 other amino acids (see "Experimental Procedures") usable as sole nitrogen source (i.e. they do not seem able to catalyze their efficient uptake). In contrast, expression of the general amino acid permease Gap1 in this yeast mutant restored growth on all tested amino acids (data not shown).
Molecular Analysis of the Specificity Conversion of Can1
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Can1(S176N/T456S) mutants, we modeled their arginine-and lysine-bound three-dimensional structures (Fig. 7) . As for the wild-type Can1, we examined only the position of the arginine or lysine side chain sandwiched between Trp-177 and Phe-295 and pointing toward Ser-176 and Thr-456. Glu-184 was considered in its unprotonated form. In each of the three mutant models, the guanidinium moiety of arginine thus forms a cation-interaction with Trp-177, although not always optimal, and will thus not be discussed hereafter. In what follows, we describe only the interactions that differ between the native and mutant Can1 proteins.
For Can1(S176N), systematic sampling of the rotameric states of Asn-176 was performed. Steric hindrance between the Asn-176 side chain and the protein and/or ligand was observed to varying extents for all rotamers. This hints at the difficulty of accommodating a bulkier side chain at this position. Two rotamers with a 1 value similar to that of the original Ser-176 residue and featuring the least steric hindrance were examined in detail. In both cases, the MM-GBSA score predicts arginine to be more weakly bound to the mutant than to wild-type Can1, although one rotameric form shows a significantly higher affinity than the other. The loss of affinity arises mainly from the Cells were grown on glucose-ammonium medium and examined by fluorescence microscopy. B, strain 22⌬8AA transformed with the empty vector YCpFL38, the pKG036 (YCp-CAN1) plasmid expressing the native permease (Can1), or one of five derived plasmids encoding Can1 mutants were grown on solid minimal medium with arginine (Arg) or ammonium (Am) as the sole nitrogen source and with canavanine (Can) when indicated. Cells were incubated at 29°C for 5 days. C, strain 22⌬8AA transformed with pKG036 (CAN1-GFP) plasmid or pKG065 (CAN1-S176N-GFP), pKG046 (CAN1-T456S-GFP), or pKG066 (CAN1-S176N/T456S-GFP) plasmid was grown on glucose-ammonium medium. Crude cell extracts were prepared and immunoblotted with anti-GFP or with anti-Pma1 antibodies.
TABLE 6
Arginine and lysine transport activities of wild-type and mutant Can1 proteins Uptake assays were carried out in the 22⌬8AA strain grown on minimal medium containing 20 mM NH 4 ϩ as the sole nitrogen source. For "activity measurements," Fig. 6 . ND, not determined, when the uptake rate was below the detection threshold.
Permease
Arginine transport
Lysine transport hydrogen bond and van der Waals energy terms and, to a greater extent, from the solvation energy change ( Table 5 ). The arginine configuration for one rotamer (Fig. 7A ) lacks several hydrogen bonds as compared with wild-type Can1. The loss of free energy of binding might also be due to shifts in the orientations of residue side chains in the Can1 binding site, particularly those of Tyr-173 and, to a lesser extent, Glu-301, induced by replacement of serine by the bulkier asparagine residue (data not shown). For the Can1(S176N/T456S) double mutant, four different conformers were examined: two serine rotamers and two asparagine rotamers. All four conformations feature decreased affinity for arginine. Depending on whether one considers the Asn-176 or the Ser-456 rotamers, this decrease arises to a varying extent from the Coulomb or hydrogen bond energy terms and from the solvation energy change ( Table 5 ). The binding site configuration also features fewer hydrogen bonds than for wild-type Can1 (Fig. 7C) . The binding mode of arginine in the Can1(S176N/T456S) double mutant exhibits mainly the same features as in the S176N single mutant, likely to arise from the perturbation caused by the bulkier Asn side chain in the binding pocket.
In contrast to the S176N and S176N/T456S mutants, Can1(T456S) binds arginine in a manner similar to that of wildtype Can1. The binding mode features four or five hydrogen bonds, depending on the rotameric state of the serine side chain (Table 5 and Fig. 7B) , and an MM-GBSA score close to that of Can1. As we had done for the arginine ligand, we then examined the binding mode of lysine in the aromatic sandwich configuration. In what follows, we focus mainly on the interactions that differ between the wild-type and mutant Can1 variants. In wild-type Can1, lysine binds with two hydrogen bonds formed with the Thr-180 and Thr-456 side chains (Fig. 3D) .
Binding of lysine to the Can1(S176N) mutant was examined, as for arginine, for two favorable Asn rotamers with a 1 value similar to that of the original Ser-176 residue (Fig. 7D) . The number of hydrogen bonds formed by lysine was found to be similar to that observed in wild-type Can1. The MM-GBSA score of the two rotameric S176N forms predicts an affinity for lysine similar to that of wild-type Can1 (Table 5) .
The MM-GBSA score and the hydrogen bond number were similar to those mentioned above for Can1(T456S), suggesting that lysine does not bind more efficiently to Can1(T456S) than to the wild-type protein (Fig. 7E) . Interestingly, when the arginine-and lysine-bound LAO protein crystal structures are superimposed, there appears one additional water molecule in the lysine-bound as compared with the arginine-bound structure. Its position coincides approximately with that of one of the two -nitrogens of arginine in the latter structure. We thus introduced one water molecule into the structure of the Can1(T456S) mutant, close to Ser-456 and Ser-176, filling a void similar to that caused by removal of the methyl group when Thr-456 is replaced with a serine. In some cases, introducing explicit water molecules may be required to improve the accuracy of MM-GBSA score calculations, because the first shell solvation effect is poorly represented by the implicit solvent model (57) . Introduction of the molecule generated a configuration where hydrogen bonds mediated by the inserted water molecule are formed between Ser-176 and lysine (data not shown). Its MM-GBSA score is about Ϫ46.0 kcal/mol, thus slightly more favorable than that computed in the absence of the water molecule but still close to the wild-type Can1 score (Ϫ45.7 kcal/mol) ( Table 5) .
Last, the lysine-bound Can1(S176N/T456S) model shows two hydrogen bonds between the lysine and residues of the binding pocket (Fig. 7F) . The MM-GBSA score of this binding mode varies from Ϫ44 to Ϫ46 kcal/mol, depending on the rotameric states of Asn-176 and Ser-456. These values are close to those of wild-type Can1 and of the other two mutants (Table 5 ). In summary, our MM-GBSA calculations predict that in the OF occluded state, lysine should bind to all three Can1 mutants with an affinity similar to that observed for the wild type (see "Discussion").
Structural and Functional Insights into Proton-coupled Translocation-Our docking calculations hint that the protonation state of Glu-184 might influence the orientation of arginine and lysine substrate side chains in the binding pocket of Can1 (Fig. 3C) . Glu-184 is strongly conserved among yAAPs, except in the acidic amino acid transporter Dip5 and the tryptophan and tyrosine transporter Tat1 (Fig. 8A) ; nor is it conserved in AdiC, which is a not a proton-coupled transporter (Fig. 1) . Glu-184 is located in the vicinity of Phe-295, which occupies a position similar to that of Trp-202 in AdiC. Trp-202 is proposed to act as a gate, because its displacement is considerable between the OF open and the OF occluded state. In the latter state, like its counterpart Phe-295 in Can1, as shown by our docking calculations, Trp-202 interacts with the aliphatic portion of arginine, blocking arginine release back to the periplasm (8) . This makes it essential to transport activity (60) .
On the basis of these considerations, we performed, for each of the two Glu-184 protonation states, detailed protonation probability calculations on two representative conformations, one for each of the arginine side chain orientations obtained in the docking calculations (Fig. 8B) . The computed Glu-184 titration curves suggest that protonation of this residue is indeed very sensitive to the side chain position in the binding site.
To assess the importance of Glu-184, we replaced this residue with glutamine, a neutral analog of glutamate, and with alanine, to estimate the importance of having a charged or a polar residue at this position. The Can1(E184Q) and Can1(E184A) mutant permeases were found to localize properly to the cell surface, but they were inactive, as judged by the results of arginine uptake assays and growth tests (Fig. 9) . The Glu-184 residue is thus crucial for Can1 transport activity. This result, together with the prediction from protonation probability calculations that Glu-184 can exist in different protonation states, suggests that Glu-184 may be a key player in substrate translocation-coupled proton transport. 
DISCUSSION
The recent elucidation of several high resolution crystal structures of bacterial transporters featuring the "5 ϩ 5" fold, including the arginine/agmatine antiporter AdiC, has considerably advanced our understanding of the structure and function of APC superfamily proteins (1, 2). Here we have used the AdiC structure (8) as a template to build a three-dimensional structural model of Can1, the yeast H ϩ -driven specific arginine permease, in its OF occluded state. This predicted structure, combined with docking calculations, shows that recognition of the arginine backbone is highly similar in Can1 and AdiC and also very similar to recognition of the leucine backbone by the sodium-dependent transporter LeuT (1, 61) . The recognition involves several hydrogen bonds formed by the ␣-amino and carboxyl groups of the substrate, mainly with the backbones of residues of unwound portions of TM1 and TM6. Interactions with the arginine side chain involve about six of the residues pointing toward the substrate-binding pocket (Table 4) . Among these are two aromatic residues (Phe-295 and Trp-177) positioned to either side of the substrate side chain, thus shaping a sandwich configuration similar to those of the argininebound AdiC and LAO proteins. Remarkably, whereas one of these two aromatic residues (Trp-202 in AdiC, Phe-295 in Can1) is provided by TM6 in both AdiC and Can1, the other (Trp-293 in AdiC, Trp-177 in Can1) is provided by TM8 in AdiC and by TM3 in Can1. For this reason, its conservation is visible only when the three-dimensional structures of Can1 and AdiC are superimposed.
Structural modeling of Can1 has revealed crucial residues determining its selectivity for arginine versus lysine. Among the six residues mediating specific interactions with the arginine side chain, only two, Ser-176 in TM3 and Thr-456 in TM10, are not strictly conserved in the lysine-specific Lyp1 permease, where their respective counterparts are an Asn and a Ser. Using transport assays and molecular modeling, we have shown here that these two residues of Can1 play a key role in distinguishing arginine from lysine. Our results, summarized in Fig. 10 , show that when these positions in TM3 and TM10 are occupied, respectively, by a Ser and a Thr (Ser-Thr configuration), arginine is transported, but lysine translocation is compromised. This is the situation of wild-type Can1. If the residue in TM10 is replaced with a Ser (Ser-Ser configuration), the arginine and lysine substrates are transported with a similar high efficiency (i.e. the permease is unable to distinguish arginine from lysine). This is the situation of Can1(T456S) mutant. If, in addition to this substitution, the position in TM3 is occupied by an Asn (Asn-Ser configuration), arginine transport is abolished, and only lysine is transported, as illustrated by Can1(S176N/T456S) and probably the natural Lyp1 permease. Last, if the residue in TM3 is an Asn, and the residue in TM10 is a Thr (Asn-Thr configuration), the transport of both amino acids is impeded, rendering the permease completely inactive. This is the situa-FIGURE 9. Functional properties of Can1(E184A) and Can1(E184Q) mutants. A, strain 22⌬8AA transformed with a plasmid expressing either Can1(E184Q) or Can1(E184A) mutant was grown on glucose-ammonium medium and examined by fluorescence microscopy. B, strain 21983c (gap1 can1) was transformed with the empty vector YCpFL38, the pKG001 (YCp-CAN1) plasmid expressing the wild-type Can1, or one of the two derived plasmids encoding either Can1(E184Q) or Can1(E184A) mutants, and grown on solid minimal medium with arginine (Arg) or ammonium (Am) as the sole nitrogen source and with canavanine (Can) when indicated. Cells were incubated at 29°C for 3 days. In conditions of non-growth, the white streaks on the squares correspond to light reflections on the agar and not to cell growth. C, initial rates of [ 14 C]arginine (10 M) uptake by wild-type Can1 and Can1(E184Q) or Can1(E184A) mutants expressed in the 22⌬8AA strain grown on minimal ammonium medium. Error bars, S.E.; n ϭ 2. When not visible, error bars are smaller than the symbols. prot, protein.
tion of Can1(S176N). We have further examined 46 sequences of Can1 orthologs of other fungal species (see "Experimental Procedures"). We find that although many display the Ser-Thr configuration, as in Can1, about one-third of them exhibit the Ser-Ser configuration, suggesting that these fungal permeases do not distinguish arginine from lysine (Fig. 10) . In almost all configurations of these Can1 orthologs, the fact that the TM3 residue is a Ser supports the view that this residue is important for arginine selectivity.
At the molecular level, our data suggest that increasing the residue size at the 176 position of TM3 is detrimental to efficient arginine translocation (transport activity: Asn-176 Ͻ Ser-176, Ala-176). Our modeled Can1(S176N) and Can1(S176N/ T456S) structures accordingly suggest that in the OF occluded state, Asn at position 176 does not allow an optimal fit of arginine. This should decrease the stored binding energy and thereby hamper the switch to subsequent conformational states.
In contrast, and as shown for Can1(T456S) and Can1(T456A), occupancy of position 456 by a Thr, as in wild-type Can1, does not hamper arginine transport as compared with the presence, at this position, of a slightly smaller Ser or Ala residue. Furthermore, the modeled binding mode and associated free energy of arginine are similar for the Can1(T456S) variant and wild-type Can1. Altogether, these data suggest that a slight change in the size of the residue side chain at position 456 in TM10 does not strongly impact the binding mode of arginine, because it allows as many intimate protein-substrate interactions as in wild-type Can1 (compare Fig. 7B with Fig. 3B ). In support of this view, a few orthologs of Can1 (14%) feature a Val or an Ala at this position. As indicated by the MM-GBSA scores, the tight binding of arginine observed in both wild-type Can1 and the Can1 (T456S) variant should thus provide about the same amount of energy, sufficient to facilitate subsequent conformational changes. This could explain why the translocation process is efficient in both proteins (62) .
The size of the residue side chain might a priori also account for the inhibitory effect, on lysine transport, of having a Thr at position 456, because replacing this Thr in TM10 with the smaller Ser or Ala establishes efficient translocation of this amino acid. Our modeling data, however, do not support this view; the modeled binding modes of the wild-type and mutant proteins show that lysine does not fit into the binding pocket as tightly as arginine and that it forms fewer specific interactions (see, for instance, Fig. 3, B and D) but that the predicted binding free energy of lysine is similar in Can1(T456S), Can1(S176N-T456S), and wild-type Can1, in contrast to that of arginine. A closer look at the wild-type Can1 model shows that Thr of TM10 and Ser of TM3 are close to each other (the distance between the two hydroxyl oxygens is about 3.1 Å) and that replacing the Thr in TM10 with Ser introduces a void between the two TMs. Furthermore, a comparison of two AdiC crystal structures trapped in the occluded and non-occluded OF states shows that Ser-357, the residue corresponding to Thr-456 in Can1, undergoes a substantial displacement upon occlusion of the transporter (8, 9) . One may thus conjecture that the presence of a Ser at position 456 in TM10 does not enhance lysine binding in the OF occluded state but instead facilitates structural transitions that should require less energy. Inefficient lysine transport by wild-type Can1 and the Can1(S176N) mutant could thus arise from the capacity of Thr at this position in TM10 to hamper these conformational changes. In support of the view that the residue at position 456 in TM10 influences structural transitions required for transport, lysine transport by the Can1(T456S) mutant features a higher V max compared with that in wild-type Can1. Arginine transport by the Can1(T456S) mutant is also characterized by a higher V max but a K m value close to that of wild-type Can1. The results described here thus raise the more general issue of possible different mechanisms for arginine and lysine binding and translocation by wild-type Can1 and its variants.
The above interpretation of the transport properties of wildtype and mutant Can1 suggests that arginine and lysine transport may be facilitated or hampered at different stages of the translocation process. The K m and V max values measured in our kinetic analysis, however, do not enable us to distinguish between a model where a conformational change is the ratelimiting step for transport and a model where substrate dissociation is rate-limiting (63, 64) . To address this problem, we thus used the MM-GBSA scoring method to predict the relative ranking of affinities of arginine and lysine binding to wild-type and mutant Can1 proteins. The comparison of these estimated relative binding free energy values suggests that arginine transport by, for example, Can1(S176N) would be hindered at the stage of substrate binding, whereas tenuous lysine transport by wild-type Can1 would arise from a flaw in the conformational transition.
Because the Can1 permease requires the proton-motive force to accumulate arginine in the cell (18) , it probably catalyzes H ϩ -arginine symport. The mechanism underlying proton translocation is so far unknown. Our protonation probability calculations pave the way toward better understanding the proton influx mechanism coupled to arginine transport. The sensitivity of Glu-184, a residue of the binding site pocket, to protonation seems to depend on the orientation of the amino acid ligand in the binding pocket (see Fig. 8B ). This suggests that Glu-184, which is highly conserved among yAAPs, may be a key player in mediating proton symport. The lack of transport activity of the Can1(E184Q) and Can1(E184A) mutants, where deprotonation/protonation of residue 184 cannot occur, supports the notion that Glu-184 may indeed play a role in proton symport.
In conclusion, the present study combining modeling and experimentation demonstrates that subtle selective replacements of residues composing the substrate-binding pocket of yAAPs can fine tune their specificity. It also validates the use of a bacterial APC transporter, such as AdiC, to construct threedimensional models of yAAPs that can be used to guide experimental analyses and to provide a molecular framework for data interpretation. This approach could be applied to other yAAPs to further analyze the structural code of amino acid recognition by this family of transporters. Furthermore, this knowledge could also help in understanding the translocation mechanism(s) of other amino acid transporters of bacterial, fungal, plant, and mammalian origin. It could also provide an attractive model for studying the mechanism of H ϩ /amino acid symport by APC transporters.
